The responses of the trichloroethylene-degrading bacterium Methylocystis sp. M to six different water-pollutants, carbon starvation, and temperature-shock (heat and cold) were examined using 2-dimensional gel electrophoresis. Twenty-eight polypeptides were induced, and these stress-induced proteins were classified into three groups. Some of the chemically induced proteins were the same as those induced by carbon starvation and temperature-shock. Two of the polypeptides were induced by trichloroethylene. Trichloroethylene-stress protein synthesis required 1^2 h at a concentration of trichloroethylene that had no effect on growth. Furthermore, 25 stress-enhanced polypeptides were observed, and one of these was enhanced by trichloroethylene. Based on these results, we discuss applications of chemical-stress induction of proteins to establish effective bioremediation and bioassay by methanotrophs. z
Introduction
Methylocystis sp. M is a methanotrophic bacterium that has the ability to degrade chlorinated solvents, including trichloroethylene (TCE). The initial step in methane oxidation is catalyzed by two types of methane monooxygenase, soluble methane monooxygenase (sMMO) and particulate methane monooxygenase (pMMO). The sMMO has broad substrate speci¢city, including the ability to degrade TCE [1] . Methylocystis sp. M cells expressing sMMO can degrade high concentrations of TCE [2] . The use of this strain, which expresses sMMO, has been assessed for the bioremediation of TCE. However, during TCE degradation, the initial degradation rate by Methylocystis sp. M declines [3] . The same phenomenon has been observed in other microorganisms that degrade TCE [4] . It has been suggested that the short half-life of TCE-degradation activity is due to enzyme inactivation by toxic intermediates formed by TCE degradation [5] . This is a major problem to be solved if Methylocystis sp. M is to be used in a bioremediation process since constant degradation activity by Methylocystis sp. M is required during TCE degradation.
Many microorganisms in nature live in environments that do not provide optimal growth conditions, and they must respond quickly in order to compete successfully. As a response to harmful environmental conditions, such as nutrient starvation, temperature changes and other growth-restrictive conditions, the cell may produce additional proteins, referred to as stress proteins. It has been reported that when Escherichia coli [6, 7] and Pseudomonas putida [8] are starved, the cells acquire enhanced resistance to a variety of stresses, thereby enhancing survival. We expect that enhancing the amounts of stress proteins induced by chemicals (especially TCE) may increase the short half-life of TCE degradation activity and, therefore, facilitate enhanced degradation ability. Therefore, we investigated the induction and enhancement of stress proteins in Methylocystis sp. M.
Materials and methods

Bacterial strain and growth conditions
The culture conditions for Methylocystis sp. M have been described previously [2] . Prior to carbon starvation or addition of each chlorinated chemical, cells of Methylocystis sp. M grown on 1% agarose slants were inoculated into 155-ml serum bottles containing 30 ml of mineral salt medium [2] . Each serum bottle was sealed with a butyl-rubber stopper and crimped with an aluminum cap. Air (25 ml) was withdrawn from each bottle with a syringe and methane as a carbon source was injected to make a 20% v/v methane/air mixture. Each bottle was incubated with shaking at 120 rpm for 2 days at 30³C. When the culture reached the mid-exponential growth phase (OD SVH = 0.5), cells were harvested by centrifugation.
Stress conditions
Harvested cells were re-suspended in mineral salt medium to the original cell density. Thirty milliliters of the suspension was transferred to a serum bottle and sealed. After the addition of methane as described above, each volatile chlorinated chemical was added (¢nal concentration 5 ppm) by syringe. Temperature-shock (cold and heat) was achieved at 20 and 40³C, respectively, with methane; carbon starvation was achieved at 30³C without methane in the bottle. Methylocystis sp. M does not grow at 40³C. In this paper, exposure to temperatures of 20 and 40³C are tentatively named cold-and heatshock, respectively. Cultures were exposed to individual stress conditions for 2 h, except for TCE where 0.5-, 1-, 2-, 3-, 6-and 11-h treatments were used.
Sample preparation and 2-dimensional PAGE
After stress treatment, cells were harvested by centrifugation, washed twice with growth medium and re-suspended in 2 ml of 0.1 M PIPES bu¡er (pH 7.0). A Mini Bead Beater (Biospec Products, Bartlesville, USA) was used to prepare samples for 2-dimensional gel electrophoresis. Samples were re-suspended in a 2-ml screw cap tube, shaken for 3 min at 5000 rpm, and then centrifuged at 10 000Ug for 10 min. The supernatant was lyophilized and then resolved on 2-dimensional gels by the method of O'Farrell [9] with modi¢cations as recommended by the manufacture (Pharmacia Biotech, Sweden). Protein samples (0.1 mg ml 3I ) were resolved by isoelectric focusing using a Multiphor II electrophoresis unit (Pharmacia Biotech). In the ¢rst dimension, this involved a pre-cast Immobiline DryStrip (Pharmacia Biotech) with a linear pH gradient (pH 3^10). This was followed in the second dimension by discontinuous SDS-polyacrylamide gel electrophoresis involving a pre-cast ExcelGel SDS (Pharmacia Biotech) with a 12% to 14% (w/v) polyacrylamide gradient. Gels were stained with a silver stain kit (Pharmacia Biotech), scanned into an imaging system, and analyzed with PDQuest software (Pharmacia Biotech). Protein patterns from stressed cells and controls were compared. Spot quanti¢cation using this software is described in detail in reference [10] . For analysis of the speci¢c spots on gels from the TCE-induced polypeptide time course experiments, the sum of densities of all spots on each gel was adjusted to be equal by this software. Protein standards (BioRad) were used to calibrate molecular mass and isoelectric point.
TCE degradation experiment
We monitored the decline of TCE concentration by GC over time in a TCE degradation experiment that was performed in a similar manner to those previously described [2] .
Results and discussion
We investigated, by 2-dimensional gel electrophoresis, cellular proteins from Methylocystis sp. M that responded to various stress conditions. In this paper, these proteins were tentatively classi¢ed into two op- Fig. 1 . Unique and common stress-induced polypeptides. The shaded boxes represent polypeptides that were induced by given stress conditions as determined by 2-dimensional gel electrophoresis. The values of pH and pI for polypeptides were calculated from data derived by PDQuest analysis. Which other chemicals induce polypeptides in common can be seen in Fig. 1 .
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erational categories. The ¢rst type is termed`induced' proteins, which are not detectable in non-induced cells by the gel staining method used in this study, but are increased by exposure to stress. The second type is termed`enhanced' proteins, which are constitutively synthesized at detectable basal levels under normal growth conditions and are increased signi¢cantly by stresses. All polypeptides identi¢ed as inducible by stress were investigated by comparison with the unstressed patterns from controls. Polypeptides that responded to one or more stress conditions are shown in Fig. 1 ; those induced by chemical stresses are summarized in Table 1 . A large number of stress proteins induced by the chemicals were induced by exposure to more than one stress. The maximal density of spot was set as 100%. Fig. 2 . Silver-stained 2D-PAGE of protein extracts of Methylocystis sp. M from unexposed control cells (A) and from cells exposed to TCE for 2 h (B). For stress conditions see Section 2. The spots mentioned in the text are marked with arrows.
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tides induced by both types of chemicals (polypeptides 13 and 14). In sub-group I-i, only polypeptide 7 was speci¢cally induced by TCE (Fig. 2) . The proteins in sub-groups I-i and I-iii might be induced by the chemicals added, but also by their break-down products following oxidation by Methylocystis sp. M, e.g. the formation of chloral (trichloroacetaldehyde) from TCE [11] . In contrast, the polypeptides in sub-group I-ii were induced by chemicals that were not themselves metabolized (1,1,1-trichloroethane and tetrachloroethylene) and which presumably constitute stress conditions for Methylocystis sp. M. It is noteworthy that 80% of the chemically induced (group I) polypeptides observed in this study were also induced by 1,2-dichloroethane (DCE). The formation of chloroethanol, chloroacetaldehyde, and chloroacetic acid from DCE is known in Methylosinus trichosporium OB3b [12] , a microorganism closely related to Methylocystis sp. M [13] . One or more of these break-down products might be toxic, and many proteins might be induced for self-defense. In sub-group I-i, only one protein unique to TCE (no. 7) was detected (Table 1 and Fig. 2) . It is worth pointing out that two TCE-induced proteins have been observed in E. coli (protein 217 with 48 kDa and pI 5.7, and protein 219 with 54 kDa and pI 6.4; [14] ). As shown in Fig. 1 and Table 1 , relatively few chemically induced polypeptides and non-chemical stress proteins having the same molecular mass and pI were found (only six polypeptides: 23^28), suggesting that most chemically induced stress polypeptides and temperature-shock proteins are di¡erent. Table 2 shows the time course of induction of two TCE-induced polypeptides. TCE-induced polypeptides were synthesized after 1^2 h exposure to stress and disappeared with prolonged exposure. During the time course of the experiment, there was no signi¢cant di¡erence observed in the growth or in speci¢c TCE degradation activity between TCE-exposed and non-exposed cells (data not shown). However, 2 polypeptides were apparently synthesized in the TCE-exposed cells, suggesting that the synthesis of chemical stress polypeptides is a sensitive indicator of stress. Although heat-shock proteins were induced within a relatively short time (i.e. 1^2 min; [15] ), synthesis of TCE stress polypeptides took from Fig. 3 . Polypeptides enhanced by stress. The shaded boxes represent polypeptides that are enhanced by given stress conditions as determined by 2-dimensional gel electrophoresis. The polypeptide spots, whose densities on the gel increased at least 2-fold over controls, were judged to be polypeptides enhanced by stress.
1 to 2 h. Synthesis of chemical stress polypeptides by E. coli is also reported to take several hours [14] . Therefore, it may be common for bacteria to take a relatively long time to adjust their cells to a chemical stress environment.
Although no signi¢cant di¡erence in the growth and in speci¢c TCE degradation activity in comparison to the control was observed, TCE-treatment led to diminished intensity of several spots (Fig. 2) . We speculate that those polypeptides play unimportant roles in cell growth or do not participate in TCE degradation reactions, and their syntheses might be inhibited by TCE stress.
In addition to the induced polypeptides described above, polypeptides enhanced by stress may be useful in maintaining TCE degradative activity or in monitoring a lethal concentration of chemicals. We observed 25 stress-enhanced polypeptides (Fig. 3) . Although ¢ve polypeptides from among these (nos. 49^53) were non-chemically enhanced, the majority were enhanced by chemicals. In particular, polypeptides 40 and 47 were signi¢cantly enhanced by 1,1,1-trichloroethane to about 40 times their original amounts. Polypeptide 47 was less enhanced by other stresses: 25 times by tetrachloroethylene, 20 times by carbon starvation. Furthermore, only polypeptide 37 was enhanced by TCE.
This study demonstrates the existence of stress proteins that respond to starvation, temperature, and chemical stress conditions in a methanotroph. Some of the stress proteins detected in this study, especially polypeptides 7 and 37, will be examined in our e¡ort to develop a Methylocystis sp. M strain with constant expression of degradation activity, and will be used to develop an approach to detect environmental contaminants. The utility of gene fusion consisting of a promoter of a TCE-speci¢c stress protein gene with the lux structural gene, as described by Dyk et al. for heat-shock proteins [16] , would be very useful to monitor environmental TCE contamination at sub-lethal concentrations.
